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In  their  treatise  on  the  crystallography  of  hemoglobin Reichert 
and Brown  ~  recorded literature representing the history of hemoglobin 
crystallization to  the date of its  publication,  1909.  Hiinefeld  ~ was 
given credit for being the discoverer of crystals of hemoglobin in 1840. 
K. E. ReicherP might be called the true discoverer of the oxyhemo- 
globin crystals, however, for his discovery is the actual foundation of 
our knowledge of hemoglobin.  Six hours after the death of a  guinea 
pig he found crystals on the maternal uterus and in the placentas 
of all four fetuses present.  Ftmke  4 was said to be the first to prepare 
"blood  crystals,"  1851.  They  quoted  Preyer's  ~ monograph,  "Die 
Blutkrystalle," as  "the leading authority on the crystallography of 
hemoglobin"  up  to  that  time.  Preyer  s  classified  some  biological 
species he studied according  to the crystal system of  the oxyhemo- 
globin crystals.  But by far the most  comprehensive monograph on 
the subject published up to the present time is that of Reichert and 
1 Reichert, Edward Tyson, and Brown, Amos Peaslee, The differentiation and 
specificity of  corresponding  proteins  and  other  vital  substances  in  relation  to 
biological  classification  and  organic  evolution.  The  crystallography  of  hemo- 
globins.  The  Carnegie Institution  of Washington,  Publication  No.  116,  1909. 
Httnefeld,  F.  L.,  Die  Chemismus  in  der  thierischen  Organization,  Leipzig, 
1840,  160  pages. 
3 Reichert, K. E., Arch. Anat., Physiol.  und wissensch. Med., 1849,  197. 
4 Funke, Otto, Ztschr.f. rat. Med., N. F. 1851,  1,172. 
Preyer, W., Die Blutkrystalle,  Jena,  1871. 
8 Preyer, W., Pfliiger's Arch. f. d. ges. Physiol.,  1868,  11 395-454. 
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Brown. 1  This memoir on  the  crystallography of hemoglobin refers 
particularly to the relationships occurring in its biological and crys- 
tallographical classifications. 
They concluded that genus and species specificity are indicated by 
hemoglobin  crystal  Structure.  However,  improvements  may  be 
made in the method of crystal preparation.  In no  case reported in 
that treatise did the investigators use pure compounds in the crystal 
preparations.  Most of the crystals were prepared  for microscopical 
observation as  follows: 
The blood, if available in small quantity only, was dropped on a microscopic 
slide, faked with a drop or  two of water or ether, ammonium sulfate or oxa- 
late added, and the material allowed  to concentrate by evaporation.  Then it 
was covered with a cover-glass, and this sealed with balsam to insure only slow 
evaporation.  Crystals appeared  when kept in the refrigerator for from a few 
hours to months.  If the material was available  in sufficiently large quantities, 
the red corpuscles were settled from the oxalated or defibrinated  blood  by cen- 
trifuging,  laked with ether, saturated with ammonium oxalate,  centrifugalized, 
and crystallized on a microscopic slide, with the cover glass sealed with balsam. 
When crystallization was too rapid a  retardant was used, such as  plasma,  egg 
white, etc.  When crystallization did not take place at a satisfactory speed,  the 
workers  used reduced  hemoglobin or carbonmonoxide hemoglobin.  Methemo- 
globin and metoxyhemoglobin were crystallized in some cases.  Blood which had 
stood for several days was sometimes used, often being clotted and even putrified. 
It  is  suggested  that  the  various  organic  impurities  might  have 
influenced the crystal habit,  and even the crystal system and form. 
There is no evidence indicating that hemoglobin and plasma proteins 
or egg white proteins or stroma proteins do not form chemical com- 
binations.  If such a combination were present the crystals were those 
of this complex material, rather than of the pure hemoglobin derivative, 
as the authors quoted indicated.  Crystal shape may have been in- 
fluenced by occluded proteins from stroma and serum.  When carbon- 
monoxide hemoglobin was desired the blood or corpuscular paste was 
saturated with illuminating gas.  Of course this was not pure carbon- 
monoxide,  and  it  is  possible  that  derivatives  other  than  carbon- 
monoxide hemoglobin were produced. 
The  oxyhemoglobins  and  carbonmonoxide  hemoglobins,  crystal 
photographs of which are  appended,  were  carefully prepared by the ALDEN  KINNEY  BOOR  309 
method  described  elsewhere.  7  This  method  was  essentially  as 
follows: 
Oxyhemoglobin was prepared by the method of Marshall  and Welker. 8  Red 
corpuscles were separated by centrifuging, washed with saline solution, and laked 
with water.  The solution was  mixed with aluminum cream  and filtered in a 
refrigerator.  The filtrate contained no protein other than oxyhemoglobin as was 
shown by Marshall and Welker in  1913.  The aluminum cream was  prepared 
by adding slowly, with constant stirring, a  1 per cent solution of ammonium 
hydroxide to a 1 per cent solution of ammonium aluminum sulfate until the reac- 
tion was  slightly alkaline.  The precipitate formed was  repeatedly washed by 
decantation until the supernatant liquid gave no test for ammonia with Nessler 
reagent.  Carbonmonoxide hemoglobin  was  prepared by saturating  oxyhemo- 
globin with CO gas generated by warm formic acid  and  concentrated H~SO4. 
The gas  was  twice washed  with  NaOH  and  H20.  The oxyhemoglobins and 
carboumonoxide hemoglobins  were recrystaliized from absolute alcohol distilled 
from lime, at 0°C. or below.  The amount of alcohol required for crystallization 
was 5 per cent or less in the case of the rat oxyhemoglobin  and carbonmonoxide 
hemoglobin,  increasing  with guinea pig,  horse,  dog, turkey, chicken,  approxi- 
mately in this order to 38 per cent for  ox,  sheep  and  hog  carbonmonoxide 
hemoglobin. 
These oxyhemoglobins and carbonmonoxide hemoglobins were pre- 
sumably pure chemical compounds,  although in  a  few cases crystals 
of two varieties may have formed from the same solution, e.g., chicken 
carbonmonoxide  hemoglobin,  dog  oxyhemoglobin  and  hog  carbon- 
monoxide hemoglobin.  In  several preparations,  as  horse oxyhemo- 
globin and carbonmonoxide hemoglobin,  and  dog  and  rat oxyhemo- 
globin,  Reichert  and  Brown  found  varieties  of  crystals which  they 
designated  as  ~  and  fl  hemoglobin or  carbonmonoxide  hemoglobin. 
Bohr  ~ had previously claimed that more than one kind of hemoglobin 
may occur in the same animal.  In the work now being reported only 
one  kind  of  crystal  of  horse  oxyhemogobin  and  of  horse  carbon- 
monoxide hemoglobin appeared.  Dog oxyhemoglobin may be repre- 
sented by two forms, but only one form car/be detected in dog carbon- 
monoxide  hemoglobin.  The  brown  rat  /~  oxyhemoglobin, so-called 
by  Reichert  and  Brown,  may  be  according  to  them  an  isomer  or 
Boor, Alden K., and Hektoen, Ludvig, J. Inf. Dis., 1930, 46,  1. 
8 Marshall, J., and Welker, W. H., J. Am. Chem. Soc., 1913, 35, 820. 
9 Bohr, Christian,  Skandin. Arch. f. Physiol., 1892, 3~ 76. 310  PURE  CARBON~ONOXIDE  HEMOGLOBIN 
mimetic twin of the a  form.  No /~ oxyhemoglobin crystal from rat 
was observed in  this work.  Only one  crystal  form  of  rat  carbon- 
monoxide hemoglobin appeared.  Reichert  and  Brown  only  report 
one chicken oxyhemoglobin, although they say that they "sometimes 
look tetragonal but are orthorhombic according to optical characters." 
Figs. 20 and 21 show two kinds of crystals of chicken Carbonmonoxide 
hemoglobin.  Whether these belong to different systems is a question. 
Optical  character was  not investigated, but it  is  possible that  the 
observation of  Reichert  and  Brown  holds also  for  the  crystals  of 
Figs.  20  and  21.  Every  case  of  dual  form  is  questionable:  the 
crystals investigated in this work suggest one hemoglobin per species. 
Photomicrographs of  crystals  of  carbonmonoxide hemoglobin of 
ox, sheep, hog, dog, turkey, rat, horse, chicken and guinea pig, and 
oxyhemoglobin of horse, hog, ox, sheep, dog,  guinea pig and rat  are 
shown.  The photomicrographs were taken outdoors, in winter, when 
the temperature was below 0°C., using a  Zeiss photomicroscope.  No 
attempt was made to make a  thorough study of the crystals at the 
time of photographing.  All observations and conclusions were based 
on a study of the photographs. 
Ox 
Reichert  and  Brown  described  their  ox  oxyhemoglobin crystals 
essentially  as  follows: prismatic,  belonging  to  the  orthorhombic 
system and about four times as long as  the width.  Twinning was 
reported. 
In Figs. 1 and 2 there seems to be one form, evidently long, lath- 
shaped, prismatic crystals,  probably belonging to  the orthorhombic 
system.  Much  longer,  thinner  crystals  were  obtained  than  those 
described by Reichert and Brown.  Twinning is also observed. 
Figs.  3  and 4  represent ox carbonmonoxide hemoglobin crystals 
which  seem  to  be  orthorhombic and  appear  much  like  the  bison 
oxyhemoglobin crystals described by  Reichert  and  Brown as  ortho- 
rhombic.  The brachydome angle of 125  °  measured by them is the 
same as angle of brachydome of bullock or ox oxyhemoglobin crystals 
observed by them. ALDEN  KINNEY  BOOR  311 
Sheep 
The  preparation  of  sheep  oxyhemoglobin  was  crystallized  by 
Reichert and Brown at  room temperature,  some crystals being ob- 
tained within 5 hours of making the preparation.  That represented 
by appended photographs was rather difficult to crystallize.  Reichert 
and Brown report that needles, without definite outline, tapering to a 
point at  either end, formed at .first,  but  soon tabular crystals con- 
sisting of the base with a  very short prism began to appear.  Then 
after about a day, long, prismatic crystals appeared consisting of three 
pinacoids, elongated parallel to the vertical axis  and generally flat- 
tened on the orthopinacoid. 
On Figs. 5 and 6 no needles and no tabular crystals of type noted by 
Reichert and Brown are seen.  All crystals are  trapezoidal shaped: 
perhaps all are the "horse-type twins" of Reichert and Brown, these 
twins being united along a  prism-base edge.  Both penetrating and 
contact twins are illustrated. 
The carbonmonoxide hemoglobin crystals of Figs. 7 and 8 are tab- 
ular  entirely,  being  thin  and  fragile.  They  are  orthorhombic  in 
general although perhaps one shown is tetragonal. 
Hog 
Reichert  and  Brown  report  hog  oxyhemoglobin  crystals  of  the 
orthorhombic  system,  of  short  prismatic  habit;  twinning was  not 
observed. 
Figs. 9  and  10 indicate a  thin,  fragile, tabular form crystal with 
base  almost square,  and  also,  lathlike platelets  about  ten times  as 
long as wide with rectangular ends.  No crystals of the shape indi- 
cated  by  Reichert  and  Brown  appear.  Twins  are  present,  being 
noticeable on some tabular form crystals. 
On  Figs.  11,  12,  and  13  prismatic  crystals  of  tabular form  be: 
longing to  the monoclinic system  appear.  These  are  hog  carbon- 
monoxide hemoglobin crystals.  The axis perpendicular to the base 
is very short with respect to the other two.  The four edges of the 
base  are almost,  if not quite equal.  Twins of tufts  and  sheaf-like 
aggregates resemble Reichert and Brown's crystals of reduced hemo- 
globin. 312  PURE  CARBONMONOXIDE  HEMOG~LOBIN 
Dog 
Reichert and Brown's preparations of dog oxyhemoglobin  were made 
as follows:  it was prepared from whole blood "defibrinated by beating, 
and from blood kept liquid by oxalating, and also from mixtures of 
whole blood  and  blood plasma.  The blood,  either  defibrinated or 
oxalated, was laked with ether and centrifugalized; and from the clear 
solution thus obtained, with or without the addition of  plasma, the 
slide preparations were made."  They found crystals of two types-- 
orthorhombic which they called  a  oxyhemoglobin, and  monoclinic 
which was designated as ~ oxyhemog!obin.  Crystals of ~  oxyhemo- 
globin were only occasionally observed by them, "in perhaps one out of 
a dozen slides" and appeared to develop more readily in the blood to 
which no oxalate had been added. 
In Figs.  14 and 15 are also found crystals which resemble the ortho- 
rhombic  a  oxyhemoglobin and  the monoclinic ~ oxyhemoglobin of 
Reichert and Brown.  The first type is evidently rectangular while 
the  second has  a  base  of rhombus  shape which perhaps  occur in 
trapezoidal "horse-type twins."  As in the work cited above there are 
many more of the ~ oxyhemoglobin type than of the ~ type. 
Figs.  16  and  17  show  dog  carbonmonoxide  hemoglobin  crystals 
of only one type.  They are prismatic, orthorhombic and are generally 
shorter than the oxyhemoglobin, the ratio of length to the thickness 
varying from about 2: 1 to 5: 1. 
Turkey 
Turkey oxyhemoglobin crystals were not photographed. 
Turkey carbonmonoxide hemoglobin crystals, Figs.  18  and 19, are 
probably of one variety, being tetragonal or orthorhombic, with the 
base edge about three times the vertical edge.  Anotherformof  crystal 
may be present, but this questionable figure is probably a  plate on 
edge; the length is about three times the thickness. 
Chicken 
The chicken carbonmonoxide hemoglobin, Figs.  20  and  2I,  show 
crystals similar to those of Reichert and Brown found in the case of 
chicken oxyhemoglobin.  They found  orthorhombic crystals which 
"sometimes look tetragonal but are orthorhombic according to optic ALDEN  KINNEY  BOOR  313 
characters."  In  both  cases square tabular crystals occ~red.  Rei- 
chert and Brown's crystals aggregated into groups by piling up of the 
plates, or perhaps twinning on an axis normal to an edge (110-001); 
also by what appeared to be twinning on a dome, the crystals usually 
occurring in isolated clusters.  On Figs. 20 and 21 some twinning on 
edge may be  seen.  The  second kind of crystal  is  prismatic,  with 
length about ten times the width. 
Rat 
Reichert and Brown examined oxyhemoglobin from four kinds of 
rats,  white, brown, black and Alexandrine.  Slight differences were 
found in the crystals from the Norway and albino rat on the one hand, 
and the Alexandrine and black rat on the other hand.  In all four 
cases, however, orthorhombic crystals were found.  These were pris- 
matic, elongated, six-sided plates.  A/~ oxyhemoglobin was found in 
the blood of the brown rat.  It was isotropic and apparently isometric 
with the ~ oxyhemoglobin, but showed hexagonal outlines. 
The material from which crystals of Figs.  22,  23, 24, and 25 were 
made was obtained from wild rats  which, because of color variega- 
tions were thought to be crossed from white, black  and Norway or 
brown varieties.  Only one kind of oxyhemoglobin and one of carbon- 
monoxide hemoglobin was observed.  Both appear to be elongated, 
hexagonal, tabular plates.  The ratio of width to length is 1: 5.  They 
are both thin and fragile.  The oxyhemoglobin in the accompanying 
photograph appears to be monoclinic. 
The rat carbonmonoxide hemoglobin crystals, Figs. 24 and 25, are 
also  elongated,  hexagonal plates  of tabular  form.  However,  they 
probably belong to the orthorhombic system.  They are about twice 
as long as the width.  On Figs. 24 and 25 the original facial angles have 
been somewhat destroyed by exposure of the crystals to temperatures 
high enough to partially melt the edges. 
Horse 
Orthorhombic a oxyhemoglobin and a carbonmonoxide hemoglobin 
and  ~  oxyhemoglobifi and  ~  carbonmonoxide hemoglobin crystals 
were obtained  by  Reichert  and  Brown  from  horse red  corpuscles. 
Only one kind can  be  distinguished on photographs of pure horse 314  PURE  CARBONMONOXIDE  tIEMOGLOBIN 
oxyhemoglobin (Figs. 26 and 27)  and  pure  carbonmonoxide hemo- 
globin (Figs. 28, 29, and 30).  The oxyhemoglobin may have the form 
of Reichert and Brown's oxyhemoglobin, appearing to be monoclinic 
prisms and all being fishtail, gypsum-type twins.  The horse carbon- 
monoxide hemoglobin, on  the  other  hand,  seems  to  resemble the 
oxyhemoglobin in form, appearing to be tabular, orthorhombic crys- 
tals.  Reichert  and  Brown  report that long, hair-like needles form 
first which soon become more or less stout prisms.  The length-width 
ratio of crystals vary from 8:1  to 50:1  for carbonmonoxide hemo- 
globin, and 10:1 in the case of oxyhemoglobin. 
Guinea pig 
Crystals  of guinea-pig oxyhemoglobin and carbonmonoxide hemo- 
globin  formed very  easily.  Orthorhombic,  sphenoidal crystals  ap- 
peared in both cases, as was reported by Reichert and Brown in the 
case of oxyhemoglobin.  Most of the crystals on Photographs 31, 32, 
33, and 34 seem to be right-handed sphenoid with corners truncated by 
left-handed sphenoid. 
SUMM~Ry AND  CONCLUSIONS 
1.  Photomicrographs  of crystals of pure carbonmonoxide  hemoglobin 
of the following species are presented; ox, sheep, hog, dog, turkey, rat, 
horse, chicken and guinea pig.  Photomicrographs of the oxyhemo- 
globin crystals of the following species are also shown: ox, sheep, hog, 
dog, rat,  horse and guinea pig.  The crystals were formed from the 
pure protein by adding a  suitable amount of ethyl alcohol and main- 
taining a temperature of 0°C., or lower. 
2.  In some species a  sufficient difference is shown between the car- 
bonmonoxide hemoglobin and oxyhemoglobin crystals to distinguish 
these compounds, but the photographs of crystals of carbonmonoxide 
hemoglobin and oxyhemoglobin of some species, such as guinea pig, 
show no appreciable difference. 
3.  Differences between the carbonmonoxide  hemoglobins, as well as 
between  the  oxyhemoglobins, of  the  different  species  studied  are 
indicated. 
4.  The carbonmonoxide  hemoglobin crystals from the bloods studied 
are species specific in their nature, and, in many cases, can be dis- ALDEN KINNEY BOOR  315 
tinguished  from  the  analogous  oxyhemoglobin  by  crystaUographic 
study. 
The author wishes to  express  his thanks and  appreciation  to Dr. 
William H. Welker, at whose suggestion this investigation was under- 
taken, for his kind advice, valuable assistance and inspiring encourage- 
ment in all of the work represented by this paper. 
EXPLANATION OF PLATES 
PLATE 3 
FIG.  I.  Ox oxyhemoglobin.  ×  18.6. 
FIG.  2.  Ox oxyhemoglobin.  ×  18.6. 
FIG.  3.  Ox carbonmonoxide hemoglobin.  ×  62. 
FIG.  4.  Ox carbonmonoxide hemoglobin.  ×  18.6. 
FIG.  5.  Sheep oxyhemoglobin.  ×  18.6. 
FIG.  6.  Sheep oxyhemoglobin.  ×  18.6. 
FIG.  7.  Sheep carbonmonoxide hemoglobin.  ×  62. 
FIG.  8.  Sheep carbonmonoxide hemoglobin.  ×  62. 
FIG.  9.  Hog oxyhemoglobin.  ×  246. 
FIG. I0. Hog oxyhemoglobin.  ×  62. 
FIG. II. Hog carbonmonoxide hemoglobin.  X 62. 
FIG. 12.  Hog carbonmonoxide hemoglobin.  ×  62. 
PLATE 4 
FIG. 13.  Hog carbonmonoxide hemoglobin.  ×  18.6. 
FIG. 14.  Dog oxyhemoglobin.  X 14.1. 
FIC. 15.  Dog oxyhemoglobin.  ×  14.1. 
FIG. 16.  Dog carbonmonoxide hemoglobin.  ×  62. 
FIC. 17.  Dog carbonmonoxide hemoglobin.  ×  62. 
FIG. 18.  Turkey carbonmonoxide hemoglobin.  X 14.1. 
FIG. 19.  Turkey carbonmonoxide hemoglobin.  X  14.1. 
FIG. 20.  Chicken carbonmonoxide hemoglobin.  X 62. 
FIG. 21.  Chicken carbonmonoxide hemoglobin.  X 62. 
FIG. 22.  Rat oxyhemoglobin.  ×  62. 
FIG. 23.  Rat oxyhemoglobin.  X 62. 
FIo. 24.  Rat carbonmonoxide hemoglobin.  X 62. 316  PURE  CARBONMONOXIDE  HEMOGLOBIN 
PLATE  5 
FIG.  25. Rat carbonmonoxide hemoglobin.  X  62. 
FIG.  26. Horse  oxyhemog]obin.  X  62. 
FIG.  27. Horse oxyhemoglobin.  X  62. 
FIG.  28. Horse carbonmonoxide hemoglobin.  ×  14.1. 
FIG. 29. Horse  carbonmonoxide hemoglobin.  X  188. 
FIG.  30. Horse  carbonmonoxide hemoglobin.  X  62. 
FIG.  31. Guinea  pig  oxyhemoglobin.  X  62. 
FIG. 32.  Guinea pig oxyhemoglobin.  X 62. 
FIG. 33.  Guinea pig carbonmonoxide hemoglobin.  X  14.1. 
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